1.. Introduction {#s1}
================

Heart rate is one of the most basic and frequently measured human vital signs. Heart rate can be measured using electrocardiography, pulse oximetry or other monitoring methods. However, the simplest and most commonly used method is counting by radial palpation. In principle, the number of pulses measured by radial palpation should correspond to the number of heartbeats measured using electrocardiography.

Heart rate is generally expressed as the number of beats per minute (bpm). Thus, if the pulse is measured for one full minute, the number of beats should be identical to the pulse rate. If measurement is performed for 15 or 30 s, the resulting number must be multiplied by 4 or 2 to convert it into bpm. Because the pulse rate obtained using the above method is multiple of an integer, pulse-counting for shorter time periods introduces the possibility of an error. Thus, pulse rate accuracy relates to the duration of measurement.

Most textbooks on basic nursing recommend a 60-s measurement for accurate pulse-counting ([@R13]). However, measurement for 60 s seems to be uncommon in actual clinical settings. Many nurses use a shortcut method, such as counting the pulse for 15 s and then multiplying it by 4. One investigation reported that this method was used by more than 75% nurses ([@R3]). Because perfect accuracy is not always required in pulse-counting, shortcut methods for pulse-counting are not necessarily inappropriate in all cases. However, medical practitioners should understand the importance of the possibility of error in pulse-counting for a shorter duration.

Some factors affect the accuracy of pulse-counting. Human error may occur in the form of overlooking a beat or calculation mistake. Periodicity and instability of the heartbeat sequence may also affect pulse-counting accuracy Heartbeat rhythm may not be constant and stable even in healthy people; fluctuations always exist. This phenomenon is well known as heart rate variability (HRV) ([@R12]).

Although some research has been conducted on the accuracy of pulse-counting, HRV effects were not taken into consideration. This study quantitatively examined the relation between heart rate measurement duration and accuracy in pulse-counting using a computer simulation based on actual heartbeat measurements.

2.. Methods {#s2}
===========

2.1. Measurement of interbeat intervals {#s3}
---------------------------------------

A total of 70 healthy Japanese male subjects were recruited and paid for the measurements. The sample population include 32 subjects in their 20s, 20 subjects in their 30s, 15 subjects in their 40s and 3 subjects in their 50s. The mean age of the subjects was 32 years with a standard deviation (SD) of 9.7 years. The maximum and minimum age of the subjects were 20 and 58 years, respectively.

Interbeat intervals at rest were measured in 70 healthy Japanese male subjects. The measurement was conducted under three postural conditions: standing, sitting and supine positions. Breathing rhythm was not controlled in this study; however, the subjects were instructed to avoid irregular breathing ([@R8]) and not to fall asleep during the measurements. Measurement conditions were selected in random order.

The Polar S810i wristwatch-type heart rate monitor (Kempele, Finland) was used for measurement of interbeat intervals. This device captures interbeat intervals by using electrodes attached around the thorax. Accuracy of the device for scientific use has been validated ([@R14]). Interbeat intervals were recorded for 4 min in each of the three conditions with a time resolution of 1 ms. The first and last 17.6 s of the 4 min recordings were eliminated from the analysis and thus the remaining 204.8 s were used for analysis.

2.2. Computer simulation of the error {#s4}
-------------------------------------

Pulse rates measured for various durations were calculated by computer simulation based on the heartbeat values obtained from the subjects. Simulated pulse rates were compared with the rate calculated from the 60 s that includes the give duration, and the absolute difference between the two rates was defined as the error (see [Figure 1](#F1){ref-type="fig"}). The simulation was repeated 144 times per subject by shifting the data window by 1 s within the 204.8 s recording.

![Schematic illustration of the error simulation.\
Note: *t* -- duration (s); *n* -- number of pulses during '*t*' s; PR~*t*~ -- pulse rate at a duration of '*t*' s (bpm); PR~60~ -- pulse rate at a duration of 60 s (bpm); error (*t*) -- absolute value of the difference between PR~*t*~ and PR~60~ (bpm).](terg56_1940_f1){#F1}

The error was simulated according to the following procedures. The number of pulses for *'t'* seconds was assumed to be *'n'*; therefore, the pulse rate (PR~*t*~) was *n* × 60/*t* (bpm). For example, if 17 pulses were measured in 15 s, the rate (PR~15~) was 17 × 60/15 = 68 (bpm). The error (*t*) was thus defined as the absolute difference between PR~*t*~ and PR~60~. Measurement duration (*t*) varied in the simulation between 6 and 60 s, and the average error at each duration was calculated.

2.3. HRV parameters {#s5}
-------------------

Interbeat interval signals were interpolated as 5 Hz equidistant data according to the instantaneous interbeat intervals method described by [@R2]. Linear detrend and Hanning window were applied to the interpolated signals. Power spectra of HRV were calculated from 1024 points (204.8 s) of the interpolated interval sequences using fast Fourier transformation processing.

High-frequency (HF), low-frequency (LF), very low-frequency (VLF) and total-power (TP) components were obtained by integration of the power spectra at their respective ranges of 0.15--0.35, 0.04--0.15, 0.01--0.04 and 0.01--0.35 Hz. The natural logarithms of the HRV indexes (lnHF, lnLF, lnVLF and lnTP) were then calculated, because it has been reported that the raw HRV components indicate skewed distributions ([@R9]). Characteristics of heartbeat recordings of the subjects in sitting position were summarised in [Table 1](#T1){ref-type="table"}.

###### 

Summary of heartbeat recordings in sitting position (*n* = 70).

         HR (bpm)   lnHF (ln-ms^2^)   lnLF (ln-ms^2^)   lnVLF (ln-ms^2^)   lnTP (ln-ms^2^)
  ------ ---------- ----------------- ----------------- ------------------ -----------------
  Mean   75.79      4.42              5.33              4.78               6.14
  SD     12.60      1.25              1.33              1.26               1.21
  Min    53.73      0.38              1.82              2.26               2.84
  Max    110.42     7.24              8.04              7.58               8.29

3.. Results {#s6}
===========

[Figure 2](#F2){ref-type="fig"} shows the continuously calculated error for durations from 6 to 60 s with subjects in the standing, sitting and supine positions. The error increased hyperbolically as the measurement duration decreased. The error was slightly lower in the supine position, although it was similar for the standing and sitting positions.

![Continuous plot of the simulated error and duration of pulse-counting.\
Note: The error increased hyperbolically with decreasing duration. No significant difference was found between the errors in sitting and standing positions; however, smaller errors were observed in the supine position.](terg56_1940_f2){#F2}

[Table 2](#T2){ref-type="table"} shows the average values and distribution characteristics of the error in standing, sitting and supine positions. For instance, the average error was 1.89 bpm with a measurement duration of 15 s in the sitting position. In this case, the probability of the error being greater than 4 and 7 bpm was 10% and 1%, respectively.

###### 

Simulated errors in sitting, standing and supine positions (bpm).

                    6 s    10 s   15 s   20 s   30 s
  ---------- ------ ------ ------ ------ ------ ------
  Standing   Mean   4.03   2.65   1.89   1.55   1.10
             10%    8      5      4      3      2
             5%     10     6      5      4      3
             1%     13     9      7      5      4
  Sitting    Mean   3.88   2.52   1.89   1.52   1.03
             10%    8      5      4      3      2
             5%     9      6      5      4      3
             1%     13     8      7      5      4
  Supine     Mean   3.64   2.44   1.80   1.39   0.99
             10%    8      5      4      3      2
             5%     9      6      4      4      3
             1%     11     8      6      5      4

Note: 10%, 5% and 1% indicate the percentile values of the error. For example, for a 15 s counting in standing position, the probability that the error is larger than 5 bpm is estimated to be 5%.

Correlations of error with age, heart rate and frequency components of HRV in the sitting position are shown i [Figure 3](#F3){ref-type="fig"}. A negative correlation was observed between the error and subjects' age (*r*^*2*^ = *0.12*). No relationship was found between the error and heart rate. Although a correlation was observed between the error and both LF and VLF components (*r*^*2*^ = *0.39* and *0.57*, respectively), it was more apparent with VLF than with LF. Similar tendencies were observed in the standing and supine positions.

![Correlations of the simulated error for a 15 s measurement in the sitting position with heart rate (A), high-frequency component (B), low-frequency component (C), very low-frequency component (D), total-power component (E) and age (F). Note: The errors did not correlate with heart rate (A). Correlations were observed between simulated errors and frequency components of heart rate variability (B--E). Smaller errors were observed in older compared with younger subjects (F).](terg56_1940_f3){#F3}

4.. Discussion {#s7}
==============

Some studies have examined the relationship between measurement duration and the accuracy of pulse-counting. A representative study by [@R5] quantified the errors of pulse-counting at 15, 30 and 60 s. In that study, 58 nurses and 30 nursing students counted human pulse rates by radial palpation, which were then compared with the rates simultaneously obtained using electrocardiography. The error was defined as the absolute difference between the two pulse rates. Because the measurement durations of these two counting methods were identical, the difference was attributed to human error. [@R3] also conducted an experiment using similar procedures. In that study, the average absolute error was 3.372 bpm in pulse-counting for 15 s.

In the present study, the error was defined as the absolute difference between the simulated pulse rate counted for given duration and the actual pulse rate counted for 60 s in healthy subjects. The definition of the error in pulse-counting was different between this study and the previous ones. In this study, the error was not a result of a human mistake but direct result of the natural instability of human heartbeats. The errors presented in this study demonstrate the essential limit of accuracy due to limitation in data length.

The relation between HRV and measurement accuracy was also examined in this study. No correlation was found between error and heart rate, whereas a positive correlation was found between the error and the LF and VLF components of HRV. The correlation coefficient was higher in VLF than in LF. This result suggested that the error was the result of lower frequency fluctuation in heart rate.

In this study, greater accuracy was obtained with subjects in the supine position compared with the standing and sitting positions. This difference may be explained by the fact that in supine position, LF fluctuations are suppressed ([@R6]). Consequently, more constant and stable heart rates are observable in the supine position, resulting in better accuracy in pulse counting.

In this study, the error decreased with age, although the effect of this variable was small. This tendency may also be attributed to lower LF and VLF in elderly subjects. Smaller LF and VLF components have been reported in elderly people ([@R15]; [@R10]; [@R16]; [@R1]). Thus, we can expect errors to be smaller in elder people.

In this study, female subjects were not included. Previous studies on gender differences in LF fluctuations in HRV have been inconclusive. Some researchers have reported no gender differences in HRV ([@R10]; [@R16]). In contrast, some researchers have reported larger LF ([@R11]; [@R1]) or VLF ([@R4] in males. Therefore, we can at least predict that the errors in females will not be significantly larger than the present results.

In this study, the mean value of the error was 1.88 bpm for a 15 s measurement in the sitting position. This relatively small value may seem acceptable; however, the percentile value of the error is more important in actual clinical situations. According to the results of this study, an error greater than 5 bpm will occur with a 5% probability when the pulse is counted for 15 s and multiplied by 4. Therefore, when a value of 70 bpm is obtained for a 15 s measurement, the 95% confidence interval is estimated to be 65--75 bpm. The SD of intra-individual variation of resting heart rate has been estimated to be 3% of the mean; thus, when the mean heart rate is 70 bpm, the SD is approximately 2 bpm ([@R7]). The author considers that the 15 s measurement is acceptable in clinical situations; however, it is open to discuss whether this is sufficiently accurate or not.

The present study examined the effect of HRV accuracy of pulse-counting. However, factors concerning human error were not taken into consideration. Medical practitioners should understand that the errors of pulse-counting in the actual situations will be larger than the results presented in this study. Future studies must examine the accuracy of pulse-counting considering both human factors and natural fluctuations in HRV
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